To determine if radiocontrast impairs vascular relaxation of the renal artery, segments (4-5 mm in length) of canine renal artery were suspended in vitro in organ chambers to measure isometric force (95% O 2 /5% CO 2 , at 37ºC). Arterial segments with and without endothelium were placed at the optimal point of their length-tension relation and incubated with 10 µM indomethacin to prevent synthesis of endogenous prostanoids. The presence of nonionic radiocontrast (iohexol, Omnipaque 350, 1 ml in 25 ml control solution, 4% (v/v)) did not alter endothelium-dependent relaxation to acetylcholine in rings precontracted with both norepinephrine and prostaglandin F 2α (N = 6). When the rings were precontracted with prostaglandin F 2α , the presence of ionic contrast did not inhibit the relaxation of the arteries. However, in canine renal arteries contracted with norepinephrine, the presence of ionic radiocontrast (diatrizoate meglumine and diatrizoate sodium, MD-76, 1 ml in 25 ml control solution, 4% (v/v)) inhibited relaxation in response to acetylcholine, sodium nitroprusside (N = 6 in each group), and isoproterenol (N = 5; P < 0.05). Rings were relaxed less than 50% of norepinephrine contraction. Following removal of the contrast, vascular relaxation in response to the agonists returned to normal. These results indicate that ionic radiocontrast nonspecifically inhibits vasodilation (both cAMP-mediated and cGMP-mediated) of canine renal arteries contracted with norepinephrine. This reversible impairment of vasodilation could inhibit normal renal perfusion and act as a mechanism of renal failure following radiocontrast infusion. In the adopted experimental protocol the isoproterenol-induced relaxation of renal arteries precontracted with norepinephrine was more affected, suggesting a pivotal role of the cAMP system. 
Introduction
Nephrotoxicity due to the administration of radiocontrast material is a common cause of acute renal failure in hospitalized patients (1) . The mechanism of contrast-mediated renal failure is not clear (2) , although the coexistence of underlying renal disease or impairment of renal function appears to increase the incidence of renal failure following the administration of radiocontrast (3, 4) .
Endothelial cells produce nitric oxide (NO) (5), which acts as an endogenous vasodilator and modulates vascular tone (6) and organ blood flow (7) . If radiocontrast were to inhibit endothelium-dependent vasodilation, this could contribute to renal failure following radiological procedures. The purpose of the present study was to determine the effect of radiocontrast agents on endothelium-dependent and endothelium-independent vasodilation of the canine renal artery.
Material and Methods

Animal preparation
Heartworm-free mongrel dogs (25-30 kg) of either sex were anesthetized with pentobarbital sodium (30 mg/kg intravenous injection; Fort Dodge Laboratories, Inc., Fort Dodge, IA, USA), and exsanguinated via the carotid arteries. The abdomen was opened, and the kidneys were harvested and immersed in cool oxygenated physiological salt solution of the following composition: 118.3 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO 4 , 1.22 mM KH 2 PO 4 , 2.5 mM CaCl 2 , 25.0 mM NaHCO 3 , and 11.1 mM glucose (control solution). The procedures and handling of the animals were reviewed and approved by the Institutional Animal Care and Use Committee of the Mayo Foundation.
In vitro experiments
The main renal artery and its branches were meticulously dissected free and placed in control solution. Segments (4-5 mm in length) of blood vessel were prepared from the artery with special care taken not to touch the intimal surface of the vascular segments. In segments in which vascular smooth muscle function was to be tested without the influence of the endothelium, the endothelium was removed by gently rubbing the intimal surface of the blood vessel with a watchmaker forceps. This procedure removes the endothelium but does not affect the ability of vascular smooth muscle to contract or relax (8) .
Vascular segments with and without endothelium were suspended in organ chambers (25 ml) filled with control solution maintained at 37 o C and bubbled with 95% O 2 /5% CO 2 , pH 7.4. Each ring was suspended by two stainless steel clips passed through its lumen. One clip was anchored to the bottom of the organ chamber, and the other was connected to a strain gauge for measurement of isometric force (Statham UC 2, Gould, Cleveland, OH, USA). The rings were placed at the optimal point of their length-tension relation by progressively stretching them until contraction to 20 mM potassium ions, at each level of distension, was maximal (9) . In all experiments, the presence or absence of endothelium was confirmed by determining the response to 1 µM acetylcholine in rings contracted with 20 mM potassium ions (5, 10) . After optimal tension was achieved, the renal artery rings were allowed to equilibrate in control solution for 30-45 min before administration of drugs.
Protocols
Segments of renal artery from the same animal were studied in a parallel eight-bath organ chamber system. Four pairs of renal artery segments were used in one of four protocols. To examine the effect of radiocontrast media on the vasorelaxation of renal artery constricted with 10 µM norepi-nephrine, artery segments were studied in the presence of radiocontrast media (1 ml in 25 ml control solution, 4% (v/v)); ionic contrast was used in one protocol and nonionic contrast in the other. To study the reversibility of its effect, pairs of renal segments were exposed to ionic radiocontrast media of the same concentration for 60 min and then studied in control solution. To isolate the effect of the drug used for constricting the vessels, pairs of artery segments were constricted with 1 µM prostaglandin F 2α (PgF 2α ) and studied in the presence of ionic radiocontrast; the potency of the dilators can be altered by the contractile agonist (11) . Two pairs of renal artery segments were simply studied in control solution to serve as a control in each of these four protocols.
In all experiments, 1 µM indomethacin was added to the organ chambers 40 min prior to the administration of drugs to prevent synthesis of endogenous prostanoids (8). Endothelium-derived relaxing factor is not a prostanoid, and its release is not inhibited by blockers of cyclooxygenase (5) .
Three drugs were tested to study the radiocontrast effects on the renal artery vasodilatation: acetylcholine (endothelium-dependent cGMP-mediated vasodilatation), sodium nitroprusside (endothelium-independent cGMP-mediated vasodilatation) and isoproterenol (endothelium-independent cAMP-mediated vasodilatation).
Drugs
The following drugs were used: acetylcholine chloride, sodium nitroprusside, isoproterenol, PgF 2α , norepinephrine, indomethacin and potassium chloride (all from Sigma, St. Louis, MO, USA). All drugs were prepared with distilled water except for indomethacin, which was dissolved in 10 µM Na 2 CO 3 . The concentrations are expressed as final molar concentration in the organ chambers. Diatrizoate meglumine and diatrizoate sodium (MD-76, 370 mgI/ml, Mallinckrodt Medical, Inc., St. Louis, MO, USA) were used as ionic radiocontrast media, and iohexol (Omnipaque 350, 350 mgI/ml, Winthrop Pharmaceuticals, Division of Sterling Drug Inc., New York, NY, USA) was used as nonionic radiocontrast, 1 ml in 25 ml control solution (4% (v/v) final concentration in the organ chamber). This 4% (v/v) final concentration is close to the concentration of contrast during an examination.
Statistical analysis
Results are reported as mean ± SEM. In all experiments, N refers to the number of animals from which blood vessels were taken. In segments contracted with PgF 2α and norepinephrine, responses are reported as percent changes from the contracted levels. The negative logarithm of the effective molar concentration of agonist causing 50% inhibition (85% for isoproterenol) of the contraction to PgF 2α or norepinephrine (IC 50 ) was calculated for concentration-response curves, and the means of these values are presented. Data were analyzed statistically by analysis of variance (ANOVA) or by the Student t-test for either paired or unpaired observations. Differences were considered to be statistically significant when P was less than 0.05.
Results
Endothelium-dependent relaxation
Acetylcholine. Acetylcholine (1 nM to 100 µM) induced comparable, concentration-dependent relaxation in control and in all experimental renal artery segments with endothelium ( Figure 1A , B, C and D). Acetylcholine produced no significant change in tension in renal artery segments without endothelium.
The presence of nonionic radiocontrast medium did not impair the maximal relaxation or sensitivity to acetylcholine-induced relaxation in renal artery segments with endothelium precontracted with 10 µM norepi- The presence of ionic radiocontrast medium impaired the maximal relaxation and sensitivity to acetylcholine-induced relaxation in renal artery segments with endothelium precontracted with 10 µM norepinephrine ( Figure 1B, P < 0.05, N = 6 ). However, in the rings precontracted with 2 µM PgF 2α , the presence of ionic contrast did not impair the maximal relaxation or sensitivity to acetylcholine-induced relaxation ( Figure 1C, N  = 6 ). Vascular relaxation to acetylcholine also returned to normal following removal of the contrast (Table 1 ). Figure 1 . Endothelium-dependent relaxation in response to acetylcholine by the canine renal artery. Canine renal arteries were exposed to ionic or nonionic radiocontrast (1 ml per 25 ml of Krebs solution) and contracted with norepinephrine or prostaglandin F 2α . When the contraction was stable, arteries were exposed to increasing concentrations of acetylcholine. A, Canine renal arteries exposed to nonionic radiocontrast and contracted with norepinephrine (N = 5). B, Canine renal arteries exposed to ionic radiocontrast and contracted with norepinephrine (N = 6). C, Canine renal arteries exposed to ionic radiocontrast The radiocontrast was then washed out and the arteries were contracted with norepinephrine (N = 6). D, Canine renal arteries exposed to ionic radiocontrast and contracted with prostaglandin F 2α (N = 6). Data are reported as means ± SEM. 
Endothelium-independent relaxation
Cyclic AMP-mediated relaxation. Isoproterenol (1 nM to 100 µM) induced comparable concentration-dependent relaxation in control and experimental renal artery segments without endothelium (Figure 2A,B) . The presence of ionic radiocontrast medium altered the maximal relaxation induced by isoproterenol and changed the sensitivity of the vascular smooth muscle to the compound in the rings precontracted with 10 µM norepinephrine ( Figure 2A ; P < 0.05, N = 6), but did not affect the relaxation in the rings precontracted with 2 µM PgF 2α ( Figure 2B , N = 6). In addition, removal of the ionic radiocontrast restored, but still impaired, the relaxation sensitivity of the smooth muscle to isoproterenol (P < 0.05, N = 6; Table 1) .
Cyclic GMP-mediated relaxation. Sodium nitroprusside (1 nM to 100 µM) induced comparable concentration-dependent relaxation in control and experimental renal artery segments without endothelium (Figure 3A,B) . The presence of ionic radiocontrast medium impaired the maximal relaxation and sensitivity to sodium nitroprusside-induced relaxation in renal artery seg- Figure 2 . Relaxation in response to isoproterenol by the canine renal artery. Canine renal arteries were exposed to ionic radiocontrast (1 ml per 25 ml of Krebs solution) and contracted with norepinephrine or prostaglandin F 2α . When the contraction was stable, arteries were exposed to increasing concentrations of isoproterenol. A, Canine renal arteries exposed to ionic radiocontrast and contracted with norepinephrine. (N = 6) ; B, Canine renal arteries exposed to ionic radiocontrast and contracted with prostaglandin 
Control without endothelium
Radiocontrast without endothelium A B Figure 3 . Relaxation in response to sodium nitroprusside by the canine renal artery. Canine renal arteries were exposed to ionic radiocontrast (1 ml per 25 ml of Krebs solution) and contracted with norepinephrine or prostaglandin F 2α . When the norepinephrine contraction was stable, arteries were exposed to increasing concentrations of sodium nitroprusside. A, Canine renal arteries exposed to ionic radiocontrast and contracted with norepinephrine (N = 6). B, Canine renal arteries exposed to ionic radiocontrast and contracted with prostaglandin F 2α . Data are reported as means ± SEM. Figure 3A ). However, in renal artery segments without endothelium precontracted with 2 µM PgF 2α , its presence did not impair maximal relaxation or sensitivity to the compound ( Figure 3B , N = 6). One-hour exposure of renal artery segments to 4% (v/v) concentration of ionic radiocontrast enhanced the sodium nitroprusside-induced relaxation of smooth muscle (P < 0.05, N = 6; Table 1 ).
Vascular smooth muscle contraction
Norepinephrine. Norepinephrine (10 µM) caused contraction of renal artery rings with endothelium (13.52 ± 1.83 g, N = 6). The presence of ionic or nonionic radiocontrast did not affect the contraction of renal artery segments with endothelium to 10 µM norepinephrine, 17.07 ± 3.36 vs 14.96 ± 0.57 g, respectively.
Prostaglandin F 2α . PgF 2α (2 µM) caused lesser contraction in renal artery segments with endothelium in the presence of ionic radiocontrast compared to control rings, 5.57 ± 1.06 vs 8.63 ± 1.48 g, respectively.
Discussion
It has been shown that contrast media have deleterious effects, both structural and functional, on the endothelium (12, 13) . Hyperosmolarity (4, 14) and the contrast medium itself (15) account for most of the cell toxicity. Radiocontrast is also a well-documented renal vasoconstrictor (16) . Even small residual amounts of intravascular contrast medium left after a preoperative roentgen examination at the time of operation may increase the risk of renal failure, which is a serious complication after aortoiliac surgery (17) .
The renal endothelium synthesizes NO, which promotes vasodilation (18) (19) (20) in the blood vessel. The main renal artery plays a major regulatory role in renal blood flow and vascular resistance. Intraluminally released NO in the main renal artery could travel downstream to the microcirculatory bed to promote vasodilation and to determine organ blood flow and transcapillary fluid transfer (18, 19) .
The pathophysiologic role of NO in contrast medium nephrotoxicity is a matter of controversy. The administration of radiocontrast material resulted in a significant decrease in urinary guanosine 3',5'-cyclic monophosphate as well as NO 2 + NO 3 excretion. This decrease was significantly attenuated by L-arginine, suggesting that NO plays a major role in the pathogenesis of radiocontrast-induced acute renal failure (21) . One recent study suggested that contrast media increase vascular endothelial permeability by inhibiting NO production, with consequent vascular endothelium-related adverse effects (22) .
The present study was carried out to demonstrate and characterize the effect of radiocontrast media on the ability of the renal artery to relax. The major findings were: 1) non-ionic radiocontrast does not inhibit endothelium-dependent or endothelium-independent vasodilation of the canine renal artery; 2) ionic radiocontrast nonspecifically inhibits vasodilation (both endothelium-dependent and endothelium-independent, cGMP or cAMP-mediated) of canine renal arteries contracted with norepinephrine; 3) the inhibitory effect of ionic radiocontrast occurs specifically on renal arteries contracted with norepinephrine, because renal arteries exposed to ionic radiocontrast but contracted with PgF 2α exhibit normal vasodilation.
Combined acute inhibition of the synthesis of NO with L-nitroarginine methyl ester (L-NAME) and of prostacyclin synthesis with indomethacin predisposes rats to severe renal injury from radiographic contrast media (23) . The marked impairment of relaxation of renal vessels contracted with norepinephrine observed in the present study suggests a pivotal role of the cyclic AMP system in addition to the cyclic GMP-mediated signaling mechanisms.
Also, it was suggested that the vasodilatory response of the vasculature to contrast agents is directly related to osmolality and is not mediated by NO (24) . In the present study, the inhibition of vasorelaxation was not due to hyperosmolarity per se because relaxation was normal when PgF 2α was used as the contracting agent. Also, it was not due to a toxic effect because the inhibitory action of ionic radiocontrast is reversible; washout of radiocontrast restores endothelium-dependent and -independent relaxation of previously treated renal arteries.
